This expression can by superposition be used to calculate the field in a single sensor from an arbitrary array of homogeneously magnetized plates.
Periodic plate geometry
The magnetic field from an arbitrary periodic plate geometry can be derived using the following approach: First, the magnetized domain is converted to surface currents; then the field contributions from the different surface currents are split to focus on one of them. The field from one surface current is calculated by using a conformal mapping to the upper half plane, where a simple solution exists. Finally, this is mapped back to the correct geometry. For periodic geometries, Maxwell's equations are best used in differential form, and the magnetic field can be found by solving the Ampère-Maxwell law for the magnetic vector potential (A). For magnetostatics ( ∂ A ∂t = 0) the Ampère-Maxwell law simplifies to the three Poisson equations
with J given by Eq. (S2). The geometry can be seen in Fig. S1a , and is formed by rectangular prisms of homogeneously magnetized material of infinite length and arranged in a periodic array. In Fig. S1 , the coordinate system, geometrical parameters and magnetization are also defined. If more than one array is present, the magnetic field can be obtained by superposition. As the geometry is periodic we only need to consider a single slab and its magnetization can be converted to two surface currents of magnitude K = M (cf. Fig. S1b ). Each surface current in Fig. S1b can be handled individually and be combined by superposition to obtain the magnetic field from the plate. Translating the coordinate system to the center of the chosen surface current gives a symmetrical geometry and only the domain above the current needs to be considered. In this domain the Poisson equation simplifies to the Laplace equation with known non-zero Neumann boundary condition. By conformal mapping, using the sine function, to the upper-half plane, the Laplace equation can be solved using Neumann functions. 1 The solution in the upper-half plane with coordinate (Y, Z) is
where ℜ and ℑ denote the real and imaginary parts. While the integral in Eq. (S9) cannot be evaluated analytically, its derivative, corresponding to the physical magnetic field, can. The resulting magnetic field from a periodic array of slabs with coordinates as in Fig. S1b is given by
with
where
and
S2 Plate approximation
Here, we compare the results for magnetized SpBL plates with different thicknesses t and note that a description in terms of a magnetized sheet is obtained in the limit t → 0. In the calculations, we keep a fixed value of the plate magnetization M and normalize the calculated average magnetic field byt to account for the variation of the magnetic moment of the plate when t is changed. Figure S2 shows H y /t calculated for plates with the indicated values oft. For each value oft, it is clearly observed that the curves approach a universal 'dipole sheet' curve, which is independent oft and can be obtained fort → 0, or wheñ z ≥t/2 (indicated by the dashed vertical lines in the figure). The inset shows the relative deviation from this universal curve calculated as function ofz SpBL /t fort = 0.1. The absolute relative deviation is observed to be below ∼ 10% forz SpBL >t/2 and below 5% forz SpBL >t. It is clear that the finite thickness of the magnetized plate is only relevant for cases wherez SpBL <t. The lowest value ofz for beads on top of the sensor area isz =t/2 as in this case, the magnetic bead layer is in contact with the sensor layer. Therefore, the effect of a finite bead layer thickness is most relevant for the SpBL. In the limitz SpBL <t, the sensor response is sensitive to the detailed shape of the plate approximation, and the differences between the results obtained for different plate thicknesses arise because the plate corners contribute differently. Thus forz SpBL <t, the plate approximation should be used with some care. It should also be noted that the infinitely thin sheet approximation obtained in the limitt → 0 should also be used with care as the sheet represents a summation over point dipoles, where each point dipole corresponds to the center of a magnetic bead. In reality, due to the finite bead size, the center of a magnetic bead must be one bead radius away from the sensor. The use of a magnetic sheet extending to the edge of the sensor will therefore overestimate the signal for z SpBL ≤t/2. This is in agreement with the observation in Fig. S2 that the universal 'dipole sheet' curve obtained fort → 0 diverges forz SpBL → 0 and that the sheet results lie above those obtained for a plate of finite thickness. However, the dipoles are smeared out in the plate approximation and thus this approximation is less sensitive to this issue, and we thus find the plate approximation to be better even forz SpBL <t/2. In this work we therefore chose to focus on the plate approximation. We note that a more realistic representation of a bead layer would be in the form of a plate with rounded edges, but this goes beyond the scope of the present work, where we simply note that the quantitative predictions obtained for plates should be used with care whenz SpBL ≤t/2. 3 This stack has a magnetoresistive ratio of 12 % and the bottom ferromagnetic layer is pinned along the y-direction. For zero external magnetic field, shape anisotropy confines the magnetization of the free top ferromagnetic layer to be along the x-direction. An applied magnetic field rotates the magnetization away from this orientation to provide the signal. Taking the separation from the center of the free top CoFe layer, 4/6 y H ext Figure S3 . Illustration of the sensor array geometry used by Gaster et al.. H ext is the external field for magnetizing the beads. Illustration is not to scale, and the real sensor array had N = 32 sensor stripes.
S3 Parameters of sensor array used by Gaster et al.
we obtain h SeBL = 0.75 + 3 + 40 nm= 43.75 nm. AFM measurements have revealed a height difference of 60 nm between the top of the sensor stripes and the space between them. This number arises from the stack thickness and the overetching when the stack is structured by use of ion milling. Thus, h SpBL = 43.75 − 60 nm= −16.25 nm. The beads used in experiments are Microbeads from Miltenyi Biotech with a nominal diameter of t = 50 nm. These values result in z SeBL = h SeBL + t/2 ≈ 69 nm and z SpBL = h SpBL + t/2 ≈ 9 nm given in Table 1 Without beads With beads Figure S4 . Experimental measurement of the sensor resistance vs. applied magnetic field with and without magnetic beads present. When magnetic beads are present, the slope of the response is larger than when no beads are present. Hence, the effective response from the magnetic beads is along the applied magnetic field, i.e., the beads strengthen the applied magnetic field.
S4 Sign of bead signal
To validate the theory that the SpBL dominates the bead signal, the sensor array used by Gaster et al. described in Section S3 was used for an experimental comparison of the magnetic field with and without beads. In the experiments, the sensor chip was exposed to a suspension of Miltenyi Microbeads and a comparison was made between the sensor response vs. field prior to exposure to magnetic beads and after 27 min of exposure to the magnetic bead suspension. Figure S4 shows the sensor resistance, R, measured vs. field for the two cases. It is clearly observed from the measurements that the change in resistance is larger when the sensor is exposed to the magnetic beads. Hence, the magnetic beads increase the effective magnetic field experienced by the sensor array. This shows that the signal is dominated by the SpBL in agreement with the theoretical prediction and hence presents a qualitative validation of the theoretical analysis. We note that if the signal were dominated by the SeBL, the presence of magnetic beads would weaken the external magnetic field and decrease the slope of the curve in Fig. S4 as observed by Li et al. 4 for magnetic nanoparticles selectively positioned on top of a sensor stripe with a different dimension than that presented in the previous section. Although a quantitative comparison between the model predictions and the available experimental data is not feasible at present due to lack of knowledge on the amount and distribution of magnetic beads in experiments, we note that the sign of the presented data verify the basic signal mechanism and hence supports the proposed shift of paradigm to maximize the signal due to magnetic beads between sensor stripes.
